The Tsc2 product, tuberin, negatively regulates the mTOR pathway. We have exploited the Eker (Tsc2-mutant) rat system to analyse various Tsc2 mutations. Here, we focus on the N525S-Tsc2 variant (NSM), which is known to cause distinct symptoms in patients even though normal suppression of mTOR is observed. Unexpectedly, we were repeatedly unable to generate viable rats carrying the NSM transgene. Genotypic analysis revealed that most of the embryos carrying the transgene died around embryonic day after 14.5-similar to the stage of lethality observed for Eker homozygotes. Thus, the NSM transgene appeared to have a dominant lethal effect in our rat model. Further, no significant differences were observed for various signal transduction molecules in transiently expressed NSM cells compared to WT. These results indicate that a non-mTOR pathway, critical for embryogenesis, is being regulated by tuberin, providing a link between tuberin expression and the severity of Tsc2 mutation-related pathogenesis.
T uberous sclerosis (TSC) is an inherited autosomal dominant disease characterised by skin lesions (hamartomas), central nervous system disorders (e.g., cerebral tubera, seizures, and mental retardation), and systemic multiple tumoral lesions (e.g. subependymal giant cell astrocytoma of brain, angiomyolipoma of kidney and liver, rhabdomyoma of heart, lymphangioleiomyomatosis of lung, retinal hamartoma, and angiofibroma) with an estimated prevalence of 1/6000
1 . The two tumour suppressor genes responsible for TSC, TSC1 (9q34), and TSC2 (16p13.3) have been identified and positionally cloned 2, 3 . It is known that the protein products of TSC1 (hamartin) and TSC2 (tuberin) form a complex that exhibits GTPase-activating protein (GAP) function, converting Rheb, a small G protein located upstream of mTOR, into its inactive state 4, 5 . This function results in the downregulation of the mTOR-S6K1 pathway (mTOR-axis) 6, 7 . Further, analysis of familial TSC patients has indicated that the clinical symptoms may be dependent on the particular mutations/variations of tuberin [8] [9] [10] [11] . Numerous mutations/variations exist in the TSC2 gene, many of which have been reported to cause unusual mild symptoms on the in vivo mechanisms of action, are necessary in order to identify the novel pathways involved in the development of TSC as well as new therapeutic targets.
Importantly, a homolog of human TSC2 (Tsc2) in the Eker rat, first shown to develop hereditary renal cancer naturally in 1953 18 , appears to be the gene responsible for this phenotype, making this animal model ideal for studying Tsc2 function [19] [20] [21] . Rats heterozygous for Tsc2 develop renal tumours by one year of age without exception and homozygotes are embryonic lethal. In a previous study, we generated transgenic Eker rats carrying the cDNA and promoter of wildtype rat Tsc2, and demonstrated that the transgene (Tg) inhibited both renal carcinogenesis in Eker heterozygotes and embryonic lethality in homozygotes 22 . Further, Eker rats carrying the GSM-tuberin variant also had suppressed tumour formation, even though the mTOR pathway was disrupted 23 . These data are consistent with the observation that patients carrying the GSM develop mild symptoms, suggesting that there is another pathway that regulates tumour progression, independent of the mTOR pathway. Correspondingly, we hypothesise that transgenic Eker rats carrying the NSM might develop severe tumorigenic phenotypes, albeit while retaining normal mTOR function, and thus, could provide a clue to uncover the novel function of Tsc2 related to tumour progression. To investigate this possibility, we have exploited the transgenic Eker rat system to express the NSM and subsequently characterised tuberin function and pathogenesis in vivo. In this analysis, both the wild-type-(WT-) and NSM-tuberin showed no difference in complex formation with hamartin, subcellular localisation, phosphorylation status, or mTOR inhibition in vitro. However, much to our surprise, we were unable to repeatedly generate viable newborn rats carrying the NSM Tg. In this study, we report an unexpected dominant effect of NSM-tuberin on development and cell growth.
Results
Our previous in vitro analyses showed that GSM-tuberin exhibited a change in the subcellular localisation (scattered throughout the cytosol), a weak interaction with hamartin, an altered phosphorylation status, and did not stimulate Rheb-GTPase activity or inhibit S6K and S6 phosphorylation 15, 16, 23 . In contrast, NSM-tuberin had characteristics similar to the WT-tuberin with regard to subcellular localisation (forming the perinuclear dense bodies; PNDBs), complex formation with hamartin at the PNDBs, phosphorylation status, and Rheb-GTPase activity (intact) along with S6K and S6 phosphorylation 14, 16, 17, 23 .
To further investigate the function of these tuberin mutants in vivo using our transgenic Eker rat system [22] [23] [24] , we constructed Tgs for the expression of GSM-or NSM-tuberin (GSM Tg or NSM Tg, respectively). Our characterisation of the WT and GSM Tg rats has been reported previously 23 . Despite repeated attempts, we were unable to generate viable newborn rats carrying the NSM Tg (Table 1) . This result was unexpected as the in vitro characteristics of NSM-tuberin were similar to those of WT-tuberin 8, 14, 16, 17 . We therefore screened embryos at different stages of gestation following injection of NSM Tg DNA. At embryonic day (E) 10.5, Tg-positive embryos were detected using Tg-specific PCR genotyping (Fig. 1a) and the inserted sequence was confirmed to be that of the NSM Tg (Fig. 1b) . Then, we proceeded to determine the stage at which embryos carrying the NSM Tg die. The Eker homozygous condition is known to be lethal from day 13 to 18 of gestation 25, 26 . Intriguingly, the frequency of live NSM Tg-positive embryos fell abruptly after the E14.5 stage, suggesting that many of the NSM Tg-positive embryos died during this stage 26 ( Table 2 ). The similarity in the timing of embryonic lethality in homozygous Tsc2
Eker/Eker mutants and NSM Tg carrying embryos might indicate that NSM-tuberin exerts a dominant negative effect on WT-tuberin function during embryonic rat development.
In order to further investigate the effects of NSM-tuberin, we tried to generate cell lines that stably expressed NSM in vitro. This type of methodology has been employed previously for WT-tuberin and, as NSM-tuberin exhibited similar characteristics to the WT construct in various transient expression experiments 23 , expression was expected to result in similar phenotypic changes. Notably, since the aforementioned results indicated that stable expression of NSM-tuberin was predicted to exert some toxic cellular effects, we adopted a conditional gene expression system. However, despite our repeated attempts and changes to the tetracycline inducible expression system (RevTet-off System and Tet-On 3G System; Clontech, CA, USA) and the flow cytometry-based purification by tagged ZsGreen (with drug selection), none of these resulted in stable expression of NSM. In contrast, stable cell line expression of WT and GSM was successful ( Fig. 2a-c) . Therefore, we suspect that the NSM-tuberin has a dominant negative effect when it is constitutively expressed in vivo and in vitro.
To elucidate the mechanism of this putative dominant negative effect, we operated a series of additional in vivo (foetal tissue analysis) and in vitro (global analysis in major signal transduction pathways) analyses. In the tissue analysis, we observed no gross abnormalities or changes in individual embryo size at any stage irrespective of their NSM Tg genetic status (Fig. 3a) . After examining sectioned embryonic NSM Tg positive tissues, exencephaly, which is frequently associated with lethality in Eker homozygotes and Tsc1/2 knockout embryos [25] [26] [27] [28] , was not observed (Fig. 3b) . In order to better understand this discrepancy in regards to the underlying mechanism, we performed a comprehensive analysis involving a variety of signal transduction molecules using transient expression cell lysates (Fig. 4a) , whereby the relative tyrosine phosphorylation statuses of 44 different receptor tyrosine kinases (RTKs) were determined. Yet, no prominent difference was detected among the samples expressing control vector, WT-, or NSM-Tsc2 (Fig. 4b) . In the Reverse Phase Protein Array (RPPA) analysis, 180 targets of the anti-phospho antibodies were also examined. However, the results among samples showed no distinct differences (Fig. 4c) . Thus, no prominent difference was detected in any of the comprehensive analyses we adopted. Although further analyses are needed to elucidate the mechanism of these putative dominant negative effects, our data suggest the existence of a novel unknown pathway(s) that is, at least in part, regulated by NSM-tuberin in vitro and in vivo.
Discussion mTOR is one of the major clinical therapeutic targets against cancer [29] [30] [31] . While mTOR inhibitors are prescribed to treat various tumours [32] [33] [34] [35] [36] , mTOR itself also serves as a major target in T cell suppression for transplantation and autoimmune disease [37] [38] [39] . In a recent clinical trial, the oral mTOR inhibitor everolimus (rapamycin analogue) showed a marked 50% reduction in the subependymal giant cell astrocytoma (SEGA) volume in 32% of the TSC patients monitored 40 . Although this outcome is encouraging, this everolimus monotherapy was not effective in the other 68% of patients, suggesting that solely using an mTOR inhibitor is not sufficient to cure TSC. To address this issue, it is urgent that we investigate the existence of any unknown critical pathways, beyond the mTOR pathway, related to TSC pathogenesis in order to develop more successful therapeutic targets.
In many reports, NSM-tuberin showed similar characteristics to the WT-tuberin in various transient expression experiments 14, 16, 17 ; however, the clinical manifestation of this variant in human patients is severe. Therefore, the possibility that TSC may, in some cases, develop independently of mTOR hyper-activation has been raised 17 . It is possible that other unknown functional defects in tuberin may be resulting in the severe disease phenotype, which may explain the unexpected embryonic lethality induced by the NSM Tg that we observed in this study in rats. Our analysis indicates that the majority of NSM Tg-carrying embryos died after E14.5, corresponding with the time period for the highest incidence of embryonic deaths in Eker homozygous mutant embryos 25, 26 . Since we constructed the Tg using the intrinsic promoter of the wild-type Tsc2, it is possible that NSM expression is being induced in a spatiotemporally identical manner to endogenous Tsc2 and the putative dominant negative effect against the endogenous Tsc2 is occurring at the specific embryonic developmental stage when the gene begins to function. In regards to the similarity between the times of embryonic death for the two genotypes, we suggest that NSM affects normal embryonic development by generating a dominant negative effect in a pathway in which WT-tuberin has a function.
Furthermore, as there are human TSC patients with the N525S variation, we speculate that higher expression of the Tg compared to the endogenous gene may be required to exert the dominant-lethal effect when the wild-type Tsc2 allele is present. Theoretically, in TSC patients with endogenous TSC2 expression, the dominant negative function of N525S-tuberin could be elicited by inactivation of the wild-type TSC2 allele and would be expected to induce severe symptoms. N525S has been suggested to be either a polymorphism 41 or a mutation 8, 14, 16, 17 . Whichever is correct, it is certain that any type of variation in the TSC genes is likely playing a major role, potentially as a genetic modifier allele, in the susceptibility and phenotypic manifestation of the TSC-related disorders 42 . Hence, elucidation of the mechanism underlying the NSM-associated embryonic lethality at this stage of development will lead to the identification of a novel function of tuberin.
Here, we have demonstrated that NSM overexpression in rats causes embryonic lethality. Importantly, the N525S-type tuberin variant showed completely normal function when transiently expressed in vitro in regards to subcellular localisation, interaction with hamartin, phosphorylation, and mTOR regulation as compared to WT-tuberin. However, this variant also displayed a severe phenotype when stably expressed in vitro and in vivo (rats). To the best of our knowledge, this correlation between the function of tuberin and the severity of symptoms is completely novel and the elucidation of the unknown pathway through which NSM-tuberin functions will help to clarify the overall mechanism of TSC pathogenesis.
Methods
Plasmid construction. Schematic structures of the Tsc2 transgene have been shown previously 23 . Generation of GSM and NSM rat Tsc2 cDNAs and construction of the pCAG-FLAG-rTsc2-GSM and pCAG-FLAG-rTsc2-NSM plasmids were also reported previously 23 . NSM cDNA was used to replace the normal sequences in pMGTsc2-WT (the wild-type Tg used previously) in order to generate pMGTsc2-NSM. For the Tet-inducible systems, Tsc2 cDNAs were cloned into pRev-TRE or pTRE3G-ZsGreen vectors (Clontech, CA, USA).
Microinjection and generation of transgenic founders. Wistar female rats (Purchased from Charles River Laboratories, Kanagawa, Japan) were injected intraperitoneally with hormone to stimulate ovulation and then mated with male Eker rats heterozygous for the Tsc2 mutation. Fertilised eggs at the pronuclear stage were collected from impregnated females. Tg DNAs were linearised with NotI, purified using a QIAquick kit (QIAGEN, Hilden, Germany), and microinjected into the fertilised eggs 43 . The eggs were then transferred into the oviducts of pseudopregnant Wistar females.
Genotyping. DNA was prepared from adult tails or embryonic tissues (whole embryo, placenta, or yolk sac) by proteinase K digestion and phenol extraction. For Southern blot analysis, 10 mg of DNA was digested with BamHI, subjected to 1% agarose gel electrophoresis, transferred onto a nylon membrane, and hybridised as described previously 21 . An EcoRI-BamHI rat Tsc2 cDNA fragment covering exons 26-33 (1.1 kb) was used as a probe after 32 P-labelling. Genotyping by PCR was performed using the following primers: for endogenous Tsc2, TSR9 (59-GCTTGTGCCTTCT-AACAGTG-39, forward, intron 32) and TSR107 (59-GCAACTTGGGGTTTGTGC- C-39, reverse, intron 33); and for NSM, NSMDF2 (59-AGTTCCACGGATCGCA-AGA-39, forward, exon 11) and NSMDR1 (59-TAGCAATGGGCAAGGAGTAG-39, reverse, exon 16). The PCR amplification was performed using 35 cycles at 94uC for 1 min, 55uC for 1 min, and 72uC for 1.5 min.
Cell culture and transfection for transient expression. HEK293 cells were plated in collagen-coated 6-well plates at a density of 5 3 10 4 cells/well and cultured in Dulbecco's modified Eagle's medium supplemented with 10% foetal bovine serum (FBS) and penicillin/streptomycin. One day after plating, the HEK293 cells were transfected with plasmids (0.5 mg each) using FuGENE6 (Roche, Mannheim, Germany) according to the manufacturer's instructions. Cells were analysed after incubating 48 h.
Tetracycline (Tet) inducible expression system. The RevTet-off System or Tet-On 3G System were exploited to establish Tet-off or Tet-on cell lines, respectively, according to the manufacturer's instructions provided with the kits (Clontech, CA, USA). Briefly, HEK293 cells or HEK293 Tet-On 3G Cells (Clontech, CA, USA) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% Tet System Approved FBS (Clontech, CA, USA) and recommended concentration of antibiotics for selection (e.g. G413, puromycin, hygromycin B) or gene expression (doxycycline) in appropriate steps. Cells were transfected using Xfect Transfection Reagent (Clontech, CA, USA) according to the manufacturer's instructions.
Antibodies. The following primary antibodies were used: anti-tuberin (C-20) from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-FLAG and anti-beta-actin from Sigma (MO, USA); and anti-beta-tubulin III (clone TuJ1) from Babco (CA, USA).
Immunoblotting. Protein concentration was determined using the DC-protein assay (Bio-Rad, CA, USA). Cells were lysed with Laemmli buffer and equal amounts of protein were separated by standard SDS-PAGE, followed by transfer onto a PVDF membrane (Millipore, MA, USA). Blocking was performed with Odyssey blocking buffer (Li-Cor Biosciences, Lincoln, NE, USA). The primary antibody was applied in the same blocking solution, followed by incubation with a goat anti-rabbit or a goat anti-mouse Alexa Fluor 680 secondary antibody (Invitrogen, Carlsbad, CA, USA). Antibody binding was detected and quantified using the Odyssey system (Li-Cor Biosciences).
Immunofluorescence. Cells were plated in a glass-bottomed dish (Matsunami, Osaka, Japan) at a density of 1 3 10 4 cells/well, transfected as described above, and fixed and permeabilised in 2% paraformaldehyde and 0.1% Triton X-100 for 30 min at 4uC. Cells were then incubated with primary antibodies overnight at 4uC, followed by the secondary antibodies (Alexa Fluor 488-labelled anti-mouse IgG; Alexa Fluor 568-labelled anti-rabbit IgG, Invitrogen, CA, USA) and the DNA stain 49, 6-diamidino-2-phenylindole dihydrochloride (DAPI, Invitrogen) for 1 h at roomtemperature. The stained cells were examined using a BZ-9000 fluorescence microscope (Keyence, Osaka, Japan).
Flow Cytometry. pTRE3G-ZsGreen1 vector, provided with the Tet-On 3G System kit (Clontech, CA, USA), was used to express ZsGreen simultaneously with the WT-, GSM-, or NSM-tuberin utilising the internal ribosome entry site (IRES) sequence according to the manufacturer's instructions. Single-cell suspensions were obtained by filtrating through a 40-mm filter. Cell sorting was performed on single-cell suspensions using an Epics Altra flow cytometer (Beckman Coulter, CA, USA). A sample flow was irradiated with a sapphire laser (wavelength: 488 nm), and the intensities of the forward scatter and fluorescence around 525 nm were collected (20,000 particles/ sample). ZsGreen-positive cells were sorted at less than 700 events/s.
Animal studies and histological analyses. The animal experiments were performed in accordance with a protocol approved by Juntendo University, Tohoku University, and PhoenixBio Inc. Tissues from embryos were fixed in 10% buffered formalin, embedding in paraffin, sectioned, and routine histological examinations were performed after haematoxylin and eosin staining. For immunostaining, tissue sections were deparaffinised, preheated in 10 mM sodium citrate buffer (pH 6.0) in a microwave oven, and pretreated with 3% H 2 O 2 solution for 10 min. Blocking was performed using 5% normal goat serum in wash buffer (1% BSA, Tris-buffered saline, 0.1% Tween 20, 0.07% NaN 3 ). Then, sections were incubated with the primary antibody (1/200 dilution in wash buffer) overnight at 4uC. Antibody binding was detected using the Envision system (DAKO, Glostrup, Denmark) using 3,39-diaminobenzidine tetrahydrochloride (DAB; Dojindo, Kumamoto, Japan) as the substrate for peroxidase, followed by counterstaining with haematoxylin.
Phospho-Receptor Tyrosine Kinase (RTK) Array analysis. Phospho-RTK array analysis was performed using the Proteome Profiler Array Kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. Briefly, transiently transfected HEK293 cells were lysed in the provided lysis buffer, incubated with the provided membrane, and RTKs were captured by antibodies spotted on a membrane. Then, levels of Phospho-RTK were assessed using a horseradish peroxidase-conjugated phospho-tyrosine antibody followed by chemiluminescence detection. This analysis allows simultaneous detection of relative tyrosine phosphorylation status of 44 different RTKs, which are listed in Supplementary Note S1.
Reverse Phase Protein Array (RPPA) analysis. RPPA analysis was performed by the Carna Biosciences assay service (Kobe, Japan) as previously described 44 . Briefly, transiently transfected HEK293 cells were homogenised and prepared with RIPA buffer (Thermo Scientific, IL, USA) supplemented with phosphatase (Thermo Scientific) and protease inhibitor cocktails (Sigma). Serially diluted cell lysates (151, 152, 154, and 158) were spotted onto glass slides with an array in eight replicates. Signals from slides stained with anti-phospho antibodies were analysed with the SuperCurve algorithm 45 to obtain a single value of relative concentration for each lysate. The relative concentration values are represented as a heat map. The 180 targets of the anti-phospho antibodies utilised in this study are also shown in Supplementary Note S2. 
